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ABSTRACT            
 
Remotely sensed data can be used to estimate crop 
type, amount and condition and such estimates, made 
at key points in the growing season can be used to 
predict the eventual crop yield. The launch of the 
Medium Resolution Imaging Spectrometer (MERIS) 
on the Envisat satellite offers other approaches to the 
remote sensing of crop yield and these are explored in 
this paper. This sensor is now providing, through the 
European Space Agency, two operational ‘land 
products’ of the globe in every three days.  The MERIS 
Global Vegetation Index (MGVI) product is related 
causally to leaf area index (LAI) and the MERIS 
Terrestrial Chlorophyll Index (MTCI) product is 
related causally to chlorophyll content (a combination 
of LAI and leaf chlorophyll concentration).   
Six approaches to the remote sensing of crop yield 
were evaluated using county level crop yield data for 
South Dakota, USA. For both MGVI and MTCI (i) 
maximum point in the growing season, (ii) area under 
the growing season curve up to this maxima and (iii) 
area under the whole of this curve were found to 
correlate strongly with crop yield.  The strongest 
correlations with crop yields were observed for 
approach (ii) and (iii) using either MGVI or MTCI.  
The strongest of all correlations (R²=0.85) was 
between crop yield and the area under the whole 
growing season curve for MTCI as this captured most 
variability in crop condition over time. 
The ready availability of the MTCI, its direct 
relationship with key crop biophysical and biochemical 
variables and its strong correlation with crop yield 
suggest its suitability for the estimation of crop yield at 
regional scales. 
 
 
1. INTRODUCTION 
 
On a state or national level estimates of crop yield have 
a significant economic importance as they play a key 
role in strategic decision-making in areas such as 
expected crop price, commercialization support 
programs and import authorization. On a local level 
estimates of crop yield are of value to producers. 
Accurate estimation of crop yield early in the growing 
season enable producers to react, for example, by 
increasing irrigation and fertilizer use and at to least be 
aware of a potential crop failure [1].  
Remotely sensed data are a potential source of 
information for site-specific crop management, 
providing both spatial and temporal information on 
crop type amount and condition. The commonly used 
approaches for crop yield estimation using remote 
sensing can be grouped in to two categories. First, 
those that either relate multi temporal vegetation 
indices, for example, the Normalised Difference 
Vegetation Index, NDVI with crop yield [2-5] or use a 
probabilistic model (for example, Artificial Neural 
Network) [6] to link several wavebands of remotely 
sensed data to crop yield. 
Second are those that use vegetation indices as 
surrogate for the fractional Absorbed 
Photosynthetically Active Radiation (fAPAR) or key 
vegetation biophysical and biochemical variables [7-8] 
at a point in the year and relate them indirectly to crop 
yield. 
Multi-temporal vegetation indices can capture the 
seasonal crop growth cycle and as such are likely to 
produce more accurate estimates of crop yield than a 
single vegetation index at a point in the year. Various 
methods have been used to relate the seasonal 
vegetation index profile to crop yield including the 
‘cumulative average method’ [3], ‘actual trends in the 
maximum vegetation index method’ [9] and ‘area 
under the seasonal profile method’ [4] For, the area 
under the seasonal profile method, it has been 
demonstrated that the crop seasonal profile with a 
greater area under the profile is associated with higher 
yield. This is because the greater the amount of 
photosynthetically active vegetation and the longer in 
the season in which to trap sunlight then the greater the 
potential production. 
Relatively few studies have estimated crop yield at 
regional scales using remotely sensed vegetation 
indices as surrogate for vegetation biophysical and 
biochemical variables. The majority have used NDVI 
to correlate with leaf area index (LAI) and in turn, 
estimated crop yield via an explicit LAI- crop yield 
relationship [10-11]. No published studies have used 
remotely sensed estimates of chlorophyll content to 
predict yield at regional scales.  
 Chlorophyll, a key biochemical variable, is related 
directly to crop productivity [12]. The amount of 
chlorophyll in a canopy at a particular time is a 
function of various canopy and non-canopy variables. 
Methods used to estimate chlorophyll content at 
regional scales rely on remotely sensed data acquired 
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in narrow red and near-infrared (NIR) wavebands [13-
16]. The availability of such narrow bandwidth data 
increased with the launch of spaceborne spectrometers 
[17-19].  
 
The Medium Resolution Imaging Spectrometer 
(MERIS), part of the European Space Agency’s (ESA) 
Envisat mission, operates in 15 programmable 
wavebands (2.5 - 20 nm wide) in the 390 nm - 1040 
nm region with spatial resolutions of 300 m and 1200 
m. Because of its high radiometric resolution, 
relatively fine spectral resolution, moderate spatial 
resolution and three day repeat cycle, MERIS is 
potentially a valuable sensor for the measurement and 
monitoring of terrestrial environments at regional to 
global scales (Verstraete et al. 1999, Curran and Steele 
2005). MERIS data are used to produce two 
operational vegetation indices (VIs) for the monitoring 
of vegetation condition and amount:  the MERIS 
Global Vegetation Index (MGVI; [20]) and the MERIS 
Terrestrial Chlorophyll Index (MTCI; [21]). 
 
The MGVI uses information from the blue, red and 
near-infrared (NIR) part of the spectrum [20]. The 
information in the blue (band2) waveband is used to 
mask out pixels contaminated by atmospheric effects. 
The normalised red (band 8) and NIR (band 13) 
wavebands are used to derive information on 
vegetation amount. The magnitude of the MGVI has a 
near-linear positive relationship with fPAR, which is 
related positively to LAI, and is calculated from: 
MGVI=g0(ρR681,ρR865)          (1)                                                                                   
where g0 is the generic function, ρR681 and ρR865 are 
rectified bidirectional reflectance values in MERIS 
bands centred at 681.25 nm and 865 nm. 
 
The MTCI is derived from data in red and NIR 
wavebands centred at 681.25 nm, 708.75 nm and 
753.75 nm (corresponding to wavebands 8, 9 and 10 of 
the MERIS standard band setting and its magnitude is 
related  positively to the relative position of the red 
edge [21]. In comparison with the red edge position the 
MTCI is simpler to calculate; more sensitive to high 
values of chlorophyll content and less sensitive to 
spatial resolution and atmospheric effects. The MTCI 
is related to biochemical variables such as chlorophyll 
content and is the ratio of the difference in reflectance 
between wavebands 10 and 9 and the difference in 
reflectance between wavebands 9 and 8 of the MERIS 
standard band setting.                        
 MTCI = 681.25708.75
708.75753.75
RR
RR
−
−
                       (2)                                                                      
 where the subscripts indicate the centre wavelength of 
the waveband in nm. 
 
The MGVI estimates the biophysical variable LAI, 
which is related strongly to yield (Clevers et al. 1994, 
Aparicio et al. 2002) and so it was anticipated that 
MGVI will have a strong correlation with yield. The 
MTCI estimates chlorophyll content of vegetation 
which is function of both the biophysical variable of 
LAI and the biochemical variable of chlorophyll 
concentration. Therefore, it was anticipated that MTCI 
would have an even stronger relationship with yield. 
The aim of this research was to correlate crop yield 
with remotely sensed measures of vegetation 
biophysical and biochemical variables derived from 
MERIS data (i.e. MGVI, MTCI) at a regional scale as a 
prelude to using those measures to estimate crop yield 
from medium resolution space borne imaging 
spectrometer data. In this study the effect of two major 
meteorological variables, i.e. rainfall and temperature 
on yield was not considered. It was assumed that 
vegetation biochemical and biophysical variables were 
a function of these meteorological variables. 
 
2. STUDY AREA 
 
The study area comprised the State of South Dakota, 
USA. South Dakota straddles two major natural 
regions of the western United States: the Great Plains 
in the west and the Central Lowlands in the east. 
Farmland occupied 17.7 million hectares (43.8 million 
acres), or 91 percent, of the State’s land area in 2003. 
Crops were grown on 44 percent of the farmland and 
rangeland covered most of the remainder. Crops 
account for around 40% of the State’s annual 
agricultural income, the main crops are corn, wheat, 
and hay (alfalfa) and in 2003 South Dakota was second 
largest producer of sunflower seed and third largest 
producer of alfalfa and oats in the USA (South Dakota 
Department of Agriculture 2006).  
 
3. MATERIAL AND METHOD 
3.1. Crop yield data 
 
The County was used as the spatial unit and County 
wide crop yield data for 2003 were obtained from the 
National Agricultural Statistics Service (NASS) 
(http://www.nass.usda.gov). These data had been 
collected from farmers and ranchers by mail surveys, 
telephone interviews, face-to-face interviews and field 
observations (http://www.nass.usda.gov). NASS crop 
yield contain information on planted area, harvested 
area, yield and production for each County.  
The crops under investigation had different and non-SI 
yield units; for example, wheat yield was expressed in 
bushels per acre and hay was expressed in tons per 
acre. As ton is a common unit for crop yield this unit 
was retained in the paper   (1 ton= 1016.047 kg). A 
conversion factor was used to standardise all yields to 
tons per acre. To derive the normalised crop yield for 
each County, the yield for a single crop was weighted 
by the proportion of that crop area to the total 
harvested crop area of the County.    
 
3.2. Remotely sensed data 
 MERIS primary data products (level 1) include 
calibrated instantaneous radiance estimates in each 
waveband at both full (300 m) and reduced (1200 m) 
spatial resolutions. The secondary products (level 2) 
include geophysical and biophysical products over 
land. For this study reduced spatial resolution MERIS 
level 2 data acquired during 2003 were used to produce 
weekly composites of MERIS VIs. MERIS images 
were obtained from the ESA MERCI distribution 
system and were processed using the BEAM software. 
These composites were computed using a maximum 
likelihood estimator and on average 10 images were 
used in each composite image (http://www.brockmann-
consult.de/beam/). 
Composites for all 52 weeks in 2003 were produced, 
but cloudy conditions resulted in patchy spatial 
coverage for some winter composites. However, since 
the crop does not start growing until spring time, 
composites up to week 15 (middle of April) were not 
used. Similarly, after week 42 (end of October), most 
of the crops had been harvested, and so later 
composites were not used. As a result, 27 data values 
from the middle of April to end of October formed the 
time series. 
 
Figure 1.  Land cover map of South Dakota (derived 
from GLC 2000). 
 
A landcover mask using the Global Land 
Cover (GLC) 2000 landcover product [23] was used to 
remove non crop lands. The GLC 2000 landcover map 
had been prepared from data acquired in 2000 by the 
VEGETATION sensor on board the SPOT satellite 
(Mayaux et al. 2004). The landcover map with a spatial 
resolution of 1 km had been produced using the 
spectral response and temporal profile of each 
landcover class and also data from radar and thermal 
sensors (to aid in the separation of some land covers).  
GLC 2000 contained 27 landcover classes [23], but for 
this study agricultural classes in the land cover map 
were merged to produce a single ‘cropland’ class 
leaving  one ‘non cropland’ class ( Fig. 1). This 
resulting map was reprojected to 1200 m spatial 
resolution to fit with the spatial resolution of MERIS 
data used in this study. MERIS VIs data for the 
cropland class only were used for further analysis. 
The MERIS VIs values for individual Counties were 
extracted by overlaying the County boundary vector 
layer obtained from the United States Department of 
Agriculture (USDA) Geospatial Data Gateway on each 
MGVI and MTCI image of the State. Data were 
averaged to derive a single yield value for each County 
and the process was repeated for each week of data to 
derive the time series. 
 
4. ANALYSIS  
4.1. Variables derived from MERIS VIs 
 
Two variables were derived from these time series: (i) 
maximum of the variable during the growing season 
and (ii) area under the time series curve during the 
growing season. 
(i) maximum of the variable: 
The maximum of the MERIS VIs for each County 
was determined by: 
).........( 1 knkVk vvMAXM =  (3) 
 Where MVk is the maximum of the variable v for 
County k and vk1 is the value of the variable for County 
k at the beginning of the growing season and vkn is the 
variable for County k at the end of growing season. 
(ii) Area under the time series curve 
The trapezoidal method was used to estimate the area 
under the time series curve during the growing season. 
This divides the time series curve, starting with time t1 
to tn into n equal intervals of length h, constituting n 
trapezoids. (Fig. 2).  
The area of the ith trapezoid would be  
hvva iii *)(*2
1
1++=   (4) 
Where vi is the value of the variable at time ti, 
h is the difference between interval (i.e. ti+1 – ti) and the 
total area under the time series curve would be 
summation of all trapezoids under the curve 
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 Except for i=1 and i=n each value of vi at a point ti 
occurs twice. Therefore, the total area can be 
approximated to the integral 
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Figure 2. The trapezoidal method of estimating area 
under the time series curve. The time series was 
divided into n trapezoids. 
 
For this study, the value of h was 1 week. Two areas 
were determined for the growing season: (i) area of the 
time series curve up to the peak of the growing season 
(from week 19 to 32) and (ii) area of the time series 
curve for the total growing season (from week 19 to 
40). The former can be used to asses the condition of 
crop during the growing season whereas the later was 
used to estimate the yield for the growing season. 
 
5. RESULTS AND DISCUSSION 
 
This section will discuss first the relationships between 
the remotely sensed variables defined in the previous 
section and yield. 
(i) Maximum of the variable: 
 There was a strong positive relationship between the 
maximum of both indices and yield during the growing 
season. Coefficients of determination (R2) were 0.79 
and 0.81 between yield and first MGVI and second 
MTCI respectively. 
Such a strong relationship was anticipated as both 
MGVI and MTCI are directly related to key vegetation 
biochemical and biophysical variables; LAI, 
chlorophyll concentration and collectively chlorophyll 
content. The greater the chlorophyll content and LAI 
the greater the productivity and in turn the yield. 
However, this method  (i) looks at only one point 
during the growing season and (ii) assumes that we 
know when the maximum has been reached but does 
have the advantage of computational simplicity. The 
area under the time series curve method overcomes 
these two limitations as it takes into account the whole 
growing season. 
(ii) Area under the time series curve 
Two areas for each of MERIS VI were determined (i) 
area up to the peak of the time series curve and (ii) area 
for the whole time series curve ( Fig.2 ).  
 
Area up to the peak of the time series curve: 
The estimated area up to the peak of the time series 
curve of the MERIS VIs captures information on the 
greening-up period of the crop and the amount and 
condition of the crop during this time is proportional to 
the total production during the growing season. There 
was a positive relationship between the area up to the 
peak of the time series curve for each MERIS VI and 
the yield. Coefficients of determination (R2) were 0.61 
and 0.69 between yield and area up to the peak of the 
time series curve for first MGVI and second MTCI 
(Fig. 3) respectively. However, this variable had a 
weaker relationship to yield than other variables (e.g. 
maximum of the variable and area under the time series 
curve for the growing season). This is because the total 
yield of a County is a spatial average and we 
considered only one time for the peak of the growing 
season.  
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Figure 3. Relationship between yield and (a) area 
under the MGVI time series curve and (b) area under 
the MTCI time series curve up to the peak of the 
growing season 
 
However, the peak of the growing season depends on 
the crop’s photosynthetic functional type and this area 
comprises both plant functional types: C3 or C4 (for 
(a) 
(b) 
example, wheat is a C3 crop and corn is a C4 crop). C3 
and C4 plants differ by the number of carbon atoms 
produced during CO2 assimilation. C3 plants form a 
pair of three carbon-atom molecules while C4 plants 
initially form four carbon-atom molecules (Tieszen et 
al., 1997).  C4 plants require more energy than C3 
plants to fix CO2, are more productive than C3 plants at 
higher temperatures and levels of rainfall. Therefore, 
C3 plants green-up earlier than C4 plants in the 
growing season when temperature is lower and so the 
relationship between yield and MERIS vegetation 
indices would probably have been stronger if 
individual crop types had been considered.  
The relationship between area up to the peak of the 
time series curve for MGVI and yield was nearly 
asymptotic. There was little variation in area up to the 
peak of the MGVI time series curve for yields greater 
than 1.5. Whereas the relationship between areas up to 
the peak of the MTCI time series curve and yield was 
nearly linear. This is because the LAI reaches a 
maximum early in the season and is little changed until 
senescence whereas canopy chlorophyll content 
increases gradually throughout the season (as was also 
observed in the previous section) 
 
Area for the whole time series curve 
The estimated areas for the area under whole time 
series curves of MERIS VIs captures information on 
the greening-up and senescence of crops. The 
relationship between the area for the whole time series 
curve for the MERIS VIs and the yield was strongly 
positive. Coefficients of determination (R2) were 0.83 
and 0.85 between yield and area under the whole time 
series curve for first MGVI and second MTCI (Fig. 4.). 
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Figure 4. Relationship between yield and (a) area 
under the MGVI time series curve and (b) area under 
the MTCI time series curve for the whole growing 
season 
 
6. CONCLUSIONS 
 
The potential of MERIS vegetation indices, MGVI and 
MTCI for the estimation of crop yield was evaluated 
for the State of South Dakota. The County was used as 
the spatial unit and yield data were obtained from 
NASS. The relationship between variables derived 
from the MERIS VIs and yield were strong and 
positive. The observations can be summarised as: 
(i) The relationships between biochemical and 
biophysical variables (chlorophyll content and 
LAI) recorded from a spaceborne imaging 
spectrometer and the crop yield were evaluated for 
the first time. 
(ii) Both MERIS vegetation indices (i.e. MGVI, 
MTCI) were strongly related to yield; however, the 
relationship for MTCI was slightly stronger. This 
suggested that, canopy chlorophyll content has an 
influence on yield that was additional to that of 
LAI. 
(iii) These vegetation indices when used up to the peak 
of the growing season were correlated less 
strongly with yield. This was because the mix of 
C3 and C4 crop types in a County made it difficult 
to determine representative growing season peak 
for a whole County. 
Future research should evaluate MERIS vegetation 
indices on their own and with meteorological variables 
to estimate crop yield for different functional types and 
perhaps even crop different types. This approach could 
be extended to a regional or eventually global scale. 
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